In many turtes, the temperature experienced during the middle of egg incubation determines the sex of the offspring. The implication of steroid sex hormones as the proximate trigger for sex determination opens the possibility that endocrine-disrupting contamn may also influence the outcome ofsexa differentiation. In this study we investigate the potential effects of DDE (a common DDT metabolite) on sexual differentiation of Chelonia mydas (green sea turtle). Four clutches of eggs collected from Heron Island, Queensland, Australia, were treated with DDE at the beginning of the thermosensitive period for sexual determination. An incubation temperature of 28°C or less produces male hatchlings in this species, whereas 30`C or more produces female hatchlings. Dosed eg were consequently incubated at two temperatures (27.60C and 30.4°C) on the upper and lower boundaries of the sex determination threshold for this species.
In many turtles, the temperature experienced during the middle third of incubation determines the sex of the offspring (1, 2) . Recent evidence indicates that steroid sex hormones are the proximate trigger for sex determination (3) (4) (5) , though the mechanism by which temperature influences hormonal balance or hormone receptors in the developing embryo is not yet fully understood. Offspring sex can be influenced in the laboratory by administration of compounds such as tamoxifen (6) , 17J-estradiol (7) (8) (9) , estradiol benzoate (4), and testosterone propionate (4) , which opens the possibility that endocrine-disrupting contaminants will influence hatchling sex ratios in the wild. DDT, its metabolic product DDE (10) , and polychlorinated biphenyl compounds (PCBs) (11) are likely candidates (12) and should be of special concern, as they are the most common contaminants accumulated in animal tissues (13) (14) (15) (16) .
Although banned in some countries, DDT is widely used in developing countries (17, 18) , and this insecticide and its derivatives are well established as environmental contaminants (19, 20) . DDT accumulates in lipid tissues and is progressively metabolized to DDE (21, 22) , which is more persistent than its parent compound.
An estimated rate of over 12,000 tons of DDE per year ended up in the oceans in the 1970s (23, 24) . While some is adsorbed to sediments of the ocean floor (25) , most of it enters the marine food chain (23, 24) . Once in an organism, DDE can affect the endocrine system, resulting in effects on growth, development, and reproduction (10,26,2/) . The embryo stage appears to be the developmental stage most vulnerable to the effects of endocrine-disrupting contaminants (12) . Abnormal development, embryonic deformities, increased mortality, and lower hatching success have been shown to occur because of DDE contamination in a range of organisms including reptiles (28, 29) .
In sea turtles, DDE accumulates in adipose tissue (15) and is eventually passed to eggs (30, 31) . DDE concentrations occurring in turtle and other reptile eggs in their natural environment have been measured in many studies (Table 1) , but the effects of this pollutant on embryos are mentioned in only a few (28, 29, 32, 33) . In this paper we examine the effects of DDE contamination on offspring sex ratios and embryonic development in the marine turtle Chelonia mydas. Background DDE levels in eggs collected in the wild were also measured and compared to published DDE values for reptile eggs from other studies, and the effectiveness of topical administration of DDE in solution was assessed.
Materials and Methods
Source of eggs. Freshly laid eggs from the clutches of four female Chelonia mydas (Table 2) were collected from Heron Island, Queensland, Australia, on 12 January 1995, chilled to 120C, and transported by air to the University of Canberra, Australian Capital Territory. All eggs were assigned to experimental incubators within 72 hr. Initially, all eggs were placed in incubators set at 27.5°C to await an assessment of their viability. They were placed in 5-liter circular plastic food containers and covered by moist vermiculite (three parts vermiculite to four parts water by weight). After 15 days of incubation, eggs were checked for shell whitening (34) , which indicates that development had commenced. Extreme care was exercised when inspecting the eggs so as not to jolt or rotate them, as cases of movement-induced mortality are well documented (35, 36) . Eggs that were not turgid or that lacked the white patch were removed, and the remaining eggs were consolidated into the minimum number of containers in preparation for allocation to experiments. DDE background levels. Fifteen eggs from the four clutches ( (34) . Albumin, clear fluids, yolk, and embryo were separated from shell and shell membranes and stored frozen. DDE concentrations in albumin, fluids, yolk, and embryo were determined using methods modified from those recommended for chicken eggs (38) . The (7)] immediately overlying the embryo. This was preferred to DDE injection into the egg and avoided unacceptable mortality arising from penetration of the eggshell during injection (7) .
A subsample of 12 eggs, 2/dose, was selected to assess the degree of penetration of DDE across a range of DDE concentrations and quantities of ethanol (Table 3) , while the remaining eggs were incubated as part of the DDE effects on hatchlings experiment.
DDE rates of uptake. The eggs were incubated at 27.6°C until Stage 28 [49 days (34, 37) ], which is at the end of the thermosensitive period for Chelonia mydas. DDE concentrations were determined as described above, separately for the embryo and the remaining contents (minus shell and membranes), and corrected for background DDE levels. Rates of uptake following the topical application of DDE were used to estimate DDE dose in the sex determination experiments described below. DDE effects on hatchlings. Eggs were dosed with DDE according to the experimental regime described above. Eggs at stage 21 (34) were placed in two incubators set at 30.5°C and two incubators set at 27.5°C. Hence, there were [8] [9] [10] [11] [12] eggs per experimental regime per incubating temperature. In the absence of contamination, the eggs incubated at the higher temperature would be expected to produce approximately 100% female hatchlings and the eggs incubated at lower temperature would be expected to yield approximately 100% males (37, 39 p<O.01; R2 = 0.99), but the intercepts were not. Hence, about one-third of DDE applied penetrated the eggs (Fig. 1) , and about 8% of DDE applied was absorbed by the embryo (Fig. 1) ; therefore, levels up to 543 ng/g DDE were predicted in eggs exposed to up to 66.5 pg DDE dissolved in 25 pl ofethanol.
DDE effects on hatchlings. Stepwise multiple logistic regression of hatchling sex against the predicted amount of DDE taken up by the whole egg, the amount of ethanol applied, and incubation temperature indicated that temperature alone exerted an influence on offspring sex (X2 = 204.0; df= 1; p<0.0005). The probability of an egg yielding a female hatchling at 27.6°C was 9%, compared to 94% at 30.4°C. Predicted outcomes of sexual differentiation were consistent, with expectation based on the effect of temperature alone (males at low temperatures and females at high temperatures). Hence, we could not demonstrate that either DDE or ethanol affected hatchling sex at either temperature.
Multiple logistic regression was also used to explore any relationships between embryo survival and the amount of DDE taken up by the whole egg, the amount of ethanol applied, and incubation temperature. Only incubation temperature was found to have a significant effect on embryo survival (x2 = 21.7; df= 1; p<0.0005). The probability of an egg hatching at 27.60C was 94% compared to 72% at 30.4°C.
The incubation time to pipping, deformity rate, and hatchling size and weight were regressed against predicted total DDE in the egg and volume of ethanol applied for each temperature. Duration (Table 1) . Some DDE in C mydas eggs from Heron Island was expected because of the global contamination of oceans with DDT (23, 24) . Concentrations of DDE are even higher in other reptile species with temperature-dependent sex determination from other areas ( Table 1 ). The foraging grounds of the four turtles whose eggs were collected on Heron Island must therefore be relatively uncontaminated by DDE. Differences in DDE concentration between clutches were statistically significant but small (e.g., 2 vs. 1.5 ng/g; Table 2 ). These differences probably reflect variances in the background levels of DDE in the foraging area of the female turtles (23), differences in time since last nesting (4Q), or natural variation in DDE uptake and retention time (41) of each individual.
Topical administration of DDE dissolved in ethanol was found to be an effective method of contaminating eggs in the laboratory because the relationship between the concentration and amount applied and the amount taken up by the egg and embryo was statistically significant and suitable for prediction (Fig. 1) . However, only 34% of the initial dose found its way into the egg, and only about 8% of applied DDE found its way into the stage 28 embryo (34) (Fig. 1) . The remainder presumably remains on the surface and within the pores of the eggshell and shell membranes or is lost by volatilization.
Guillette (29) hatchling mortality and incidence of body deformities increased in A. mississippiensis eggs exposed to up to 10 pg/g DDE (29), this was not observed for C mydas exposed to an 18-times lower dose (543 ng/g DDE).
Hatchling size and weight of C. mydas varied only with temperature. Normal hatchling size and weight were also observed with A. mississippiensis (29) . It appears that the concentrations of DDE applied to the eggs of C mydas in the present study (up to 543 ng/g of whole egg administered in up to 25 pl of ethanol) were not sufficient to disrupt cellular processes governing embryonic growth, development, and sexual differentiation. We conclude that embryos of C mydas, and possibly those of other species with environmental sex determination, will not be impacted in the wild by levels of DDE contamination in the eggs similar to or less than those measured in the dosed eggs of the present study (Table 1) . This is in contrast to other studies, which have reported reduced hatchling success, increased deformities, and modified development when reptiles are exposed to DDT and its metabolites (12, 28) . However, the range of DDE levels that trigger these responses in embryos is still unknown. The use of less volatile solvents with greater DDE solubility coefficient, hence allowing increased levels of DDE to be applied, should be considered in future studies. The problem of low applicable DDE that generates no physiological effects in the present study could possibly be overcome by using a less degenerative solvent in greater quantities and the exposure of embryos to DDE at an earlier stage.
The exceptionally low levels of DDE in control eggs from Heron Island and the failure to demonstrate any effects of DDE contamination up to 543 ng/g of whole egg suggests that the populations of green turtles feeding in the same area as the four turtles whose eggs were collected on Heron Island are currently secure from the effects of DDE contamination. The same may be true for a number of populations of this and other reptile species that are subjected to moderate levels of contamination (Table 1) . However, the possible synergistic effects between DDE and other endocrine-disrupting contaminants (44-46) on sex differentiation, a possible continuous exposure to a surrounding media contaminated with DDE during the incubation period, and transgenerational effects need to be considered.
